We report what is believed to be the f irst experimental demonstration of the azimuthal self-breaking of intense beams containing a vortex phase dislocation into sets of optical spatial solitons in a quadratic nonlinear material. The observations were performed in a KTP crystal.
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Besides, they open the door to fascinating new phenomena.
In particular, it was recently discovered numerically that the process of SH generation with intense, focused pump beams containing nested optical vortices exhibits azimuthal modulational instability (AMI). 2 An optical vortex is a spiral dislocation of the wave front that has a helical phase ramp around a phase singularity and can be generated experimentally, e.g., by use of appropriate phase masks. 3 As a consequence of their AMI, the light beams were predicted to self-break inside the crystal into sets of stable, bright spatial solitons that mutually repel and thus separate from one another. The far-f ield evolution of the solitons is critically affected by the orbital angular momentum carried by the light signals owing to the presence of the vortices.
On theoretical grounds, self-breaking of the beams is mediated by the AMI of the f lat top of higher-order ring-shaped bright vortex solitary-wave solutions of the evolution equations. Families of such solitary waves were shown in Refs. 4 and 5 to exist for different combinations of topological charges of the vortices nested in the various light beams and their AMI was analyzed numerically. It was found that the azimuthal perturbation with the largest growth rate is different for each topological charge combination. In the case of single-charge vortices it was found that the solitary waves tend to self-break into three solitons. In the simulations the solitons were found to be different from one another, because the beam evolution is dictated by the interplay among perturbations with different azimuthal indices.
The spontaneous symmetry-breaking instability of the ring-shaped beams containing nested vortices is analogous to AMI's that occur in similar geometries in cubic nonlinear media 6 and is connected to general modulational instabilities arising in quadratic nonlinear media. 7 In particular, Tikhonenko et al. observed experimentally the breakup of a ring-shaped beam into bright solitons in a self-focusing cubic nonlinear medium. 8 In this Letter we report what is believed to be the first experimental observation of such a phenomenon in a quadratic nonlinear medium. Because quadratic solitons are multiple-frequency entities, to the best of our knowledge this is the first observation of AMI in a multiple-wave physical setting.
Our experiments were performed in a 2-cm-long KTP crystal cut for type II phase matching for SHG at l 1.064 mm. In this geometry the fundamental input beam excites an ordinary wave that is polarized along the z axis of the crystal and an extraordinary wave with polarization in the xy plane. Single-charge vortex phase dislocations were created by computergenerated holograms designed for parallel propagation of a plane wave and by use of the lowest-order doughnut mode as input light, following the procedure described in Ref. 3 .
We used a 1.064-mm beam from a f lash-lamppumped active -passive mode-locked Nd : YAG laser. Single 35-ps pulses were extracted from the train delivered by the laser by an electro-optic selector. The experimental setup used is shown in Fig. 1 . A circularly polarized light beam after a quarter-wave plate passed through the mask with a focal length of 30 cm. After lens L1, with a focal distance of 5 cm, a Gaussian beam with a screw phase dislocation propagated through variable filter A and polarizer P, resulting in a linearly polarized wave with the desired intensity. Light was focused at the entrance face of the KTP crystal by lens L2. The average input power after the polarizer was measured with a pyroelectric powermeter. The imbalance between the power at the two orthogonal polarizations of the input light was changed by rotation of the polarizer. The KTP crystal was placed in a holder that allowed tuning of the angle of incidence. A video camera was used to record images of the SH light at l 0.532 mm output of the nonlinear crystal.
First we observed the formation of single solitons with input beams without phase dislocations under conditions analogous to those in the experiments by Torruellas et al. 9 To perform such experiments we temporarily removed lens L1 and the mask that was used to create the vortex. The input beam width (half-width at 1͞e 2 in air) at the entrance face of the crystal was measured to be ϳ20 mm. Figure 2 shows the output pattern of light that was recorded for different values of the peak input power ͑P ͒ at the fundamental frequency. The input light entered the crystal at the phase-matching angle, and the ordinary and the extraordinary fundamental waves were excited with equal strength; namely, P o ͞P e 1. Figure 2(d) shows a slice of the measured light distribution when the peak input power was P 215 kW . The halfwidth at 1͞e 2 of the output beam was measured to be ϳ10 mm, in good agreement with previously measured soliton widths. 9 Notice that this value is for the SH beam, which for a quadratic soliton formed near phase matching under the conditions of the experiment is slightly narrower than the accompanying fundamental beam. 10 Next we describe our observations under analogous conditions but when the input light contains a singlecharge vortex phase dislocation. Experiments were performed with focused input beams with a waist in air of ϳ30 mm. The summary of our observations is shown in Figs. 3 and 4 . Figure 3 shows the recorded images when the input light entered the crystal at the phase-matching angle and P o ͞P e 1. At small input powers the beams diffract and typically produce the output SH light distribution shown in Fig. 3(a) . The two dark spots in the figure correspond to the generation of a SH beam with a double-charge nested vortex 11 and its splitting into two single-charge vortices through propagation inside the crystal. When the input power grows, the pattern of output light becomes strongly spatially modulated, and above a threshold intensity a clearly resolved pattern of soliton spots was observed. Figures 3(e) and 3(f) show the measured SH output light when the peak input power was P 1 MW. This power corresponds to a maximum peak intensity of the input beam of ϳ20 GW͞cm 2 . As shown in Fig. 3(f ) , the peak amplitudes of the three output solitons are different from one another. The pattern of output light shown in each of the images corresponds to a given laser shot. The precise 
location in the transverse plane of the solitons was observed to jitter slightly, and the soliton peak amplitude was observed to vary in successive laser shots, in agreement with the fact that the dynamics of the beam evolution is mediated by an AMI. However, for f ixed input conditions we always observed the same number of output solitons. Also, consistent with the smoothness of the amplitude -width relation of the families of two-dimensional quadratic solitons 10 and with previous measurements, 9 the width and shapes of all the created high-energy solitons were observed to be very similar.
The observed effects introduced by small deviations from the phase-mismatch angle and by a power imbalance between ordinary and extraordinary fundamental input beams are illustrated in the images shown in Fig. 4. Figures 4(a) and 4(b) show that at the high input energies that exist in the experiment, a slight variation of the phase mismatch does not affect the pattern of output light significantly, 2,5 except for small differences in the peak amplitude of the output solitons. A power imbalance produces stronger effects, in terms of soliton amplitude and transverse location, as shown in Figs. 4(c) and 4(d). Such differences are due mainly to the asymmetries induced by the presence of Poynting vector walk-off in the KTP crystal.
We simulated numerically the experiments with the model presented in Ref. 2, using the actual KTP data. Agreement between simulations and measurements was always observed, except that in the simulations the AMI was seeded by numerical pseudorandom noise, whereas in the experiments it was seeded by the existing asymmetries of the actual setup. Simulations showed the above-mentioned strong effects introduced by the presence of Poynting vector walk-off, including asymmetries in the azimuthal pattern of output light, as can be seen in the experimental images shown in Figs. 3 and 4 .
In conclusion, we have observed experimentally for what is believed to be the first time azimuthal selfbreaking of intense beams containing vortex phase dislocations into sets of spatial solitons in a quadratic nonlinear material. In the case of single-charge vortices we unambiguously observed the formation of three solitons out of the input light, in agreement with theoretical predictions. This work was supported by the Spanish Government under contracts PB95 0768 and 0778 and through the Direccion General de Enseñanza Superior e Investigacion Cientif ica.
